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针对目前两相分离型Cu-(Co, Cr, Mo, V, Ni)基合金系中相图信息匮乏以及新
型合金开发工作有限的现状，本研究主要通过合金法和扩散偶法对两相分离型
Cu-(Co, Cr, Mo, V, Ni)基三元系的相平衡及相变进行了实验测定，并利用






和 1200℃)、Cu-Co-X (X: Si, Zr, Mo, V) (900℃、1000℃、1100℃和 1200℃)、
Cu-Co-B (1000℃、1200℃和 1300℃)、Cu-Cr-X (X: Si, V) (900℃、1000℃、1100
℃和 1200℃)、Cu-Mo-X (X: Ti, Zr) (800℃、900℃、1000℃、1100℃和 1200℃)、
Cu-V-Si (900℃、1000℃、1100℃和 1200℃)以及 Cu-V-X (X: Ti, Zr) (800℃、900
℃、1000℃、1100℃和 1200℃) 共 13 个三元系的相平衡。基于本研究得到的实
验结果和文献报道的实验数据，利用 CALPHAD 技术对上述各三元系相图进行
了热力学优化与计算，计算结果与实验数据吻合得较好。 














℃、1200℃和 1300℃)、Cu-Ni-V (900℃、1000℃和 1100℃)、Cu-Ni-W (1100℃和




Cu-Ni-X (X: Mo, V, W, Nb, Cr, Fe, Co) 各三元系中高温下稳定的 Fcc 相分离的形
成原因进行了热力学分析，发现上述各三元系中稳定的 Fcc 相分离的存在，与
Cu-X 二元系中 Fcc 相分离的影响、Ni 含量对 Cu-Ni-X 三元系中稳定 Fcc 相分离
临界温度的影响以及 X 含量对 Cu-Ni-X 三元系中 Fcc 相分离临界温度的影响这
三种因素存在密切关系。 
    (3) 在利用两相分离型 Cu 基合金系相图热力学数据库进行成分设计的基础
上，通过气雾化制粉技术在 Cu-Co-Fe-Si-Zr-B 体系中首次制备了一系列液相分离
诱发晶体/非晶复合粉体，其中晶体相为 fcc 结构的 Cu-rich 相，非晶相为 Co-rich
或 Fe-rich 或(Co, Fe)-rich 相。上述晶体/非晶复合粉体的饱和磁化强度值随着 Cu
含量的增加而减小，随着 Fe 或 Zr 的添加而增大。此外，该类型晶体/非晶复合
粉体的形成过程是，首先液相分离诱发生成核/壳组织，并在凝固过程中分别形
成非晶与晶体。 
(4) 在利用两相分离型 Cu 基合金系相图热力学数据库进行成分设计的基础
上，通过气雾化制粉技术制备了 Cu25Co50Ni10B15 (at.%)、Cu60Co15Ni10B15 (at.%)、
Cu5Ag20Co50Ni10B15 (at.%)以及 Cu5Ag20Co50Fe10B15 (at.%)合金粉体，上述四种粉
体均形成了金属 /硼化物陶瓷的复合结构。其中在 Cu25Co50Ni10B15 (at.%)、




(5) 在利用两相分离型 Cu 基合金系相图热力学数据库进行成分设计的基础
上，首次制备了 spinodal 强化型(Cu0.54Ni0.46)95Cr5 (at.%)以及(Cu0.54Ni0.46)95V5 (at.%)
电阻合金，其电阻特性与传统的加工硬化型 Cu-Ni 基电阻合金基本相当。 















Recently, with the rapid development of science and technology and modern 
industry, especially from the view point of miniaturization and integration of 
electronic products in the microelectronic industry, the demand on the performance of 
Cu base alloys has become higher and higher. Thus, great attention has been focused 
on the research and development of high-performance Cu base alloys, including key 
preparation technology, high-quality products and main economic benefits. Phase 
diagram, as the “map” of materials design, can provide important guide on the 
development of high-performance Cu base alloys. Phase separation, induced by the 
immiscibility of phases, is one of the basic characteristics of some key Cu base alloy 
systems, other alloy systems, ceramics and polymers systems, and plays a significant 
role on the microstructure and property of materials. At present, on the basis of the 
characteristics of phase separation, design and development of new Cu base alloys is 
of both academic interest and practical importance. 
Considering the status of lack of information on phase diagrams of phase separated 
Cu-(Co, Cr, Mo, V, Ni) base alloy systems and limited research work on the 
development of alloys, the present work is firstly to experimentally investigate the 
phase equilibria of Cu-(Co, Cr, Mo, V, Ni) base ternary systems using equilibrated 
alloys and diffusion couples, then to carry out the thermodynamic assessments of 
above-mentioned ternary systems and develop a thermodynamic database of phase 
diagrams of phase separated Cu base alloys using the CALPHAD (Calculation of 
Phase Diagrams) method, and lastly to do compositional design, microstructural 
control and property investigation of phase-separated Cu base alloys based on the 
developed thermodynamic database. The details of the obtained results are described 
as follows: 
(1) The isothermal sections of the Cu-Co-Nb (800℃, 900℃, 1000℃, 1100℃,  














(1000℃, 1200℃, 1300℃), Cu-Cr-X (X: Si, V) (900℃, 1000℃, 1100℃, 1200℃), 
Cu-Mo-X (X: Ti, Zr) (800℃, 900℃, 1000℃, 1100℃, 1200℃), Cu-V-Si (900℃, 
1000℃, 1100℃, 1200℃) and Cu-V-X (X: Ti, Zr) (800℃, 900℃, 1000℃, 1100℃, 
1200℃ ) ternary systems were experimentally determined by means of optical 
microscopy (OM), electron probe microanalyzer (EPMA) and differential scanning 
calorimetry (DSC) on the equilibrated alloys. Based on the experimental data 
determined in this work and reported in the previous literature, the above-mentioned 
13 ternary systems were thermodynamically assessed using the CALPHAD method, 
and a good agreement between the calculated and experimental results was obtained. 
(2) The isothermal sections of the Cu-Ni-Mo (900℃, 1000℃, 1100℃, 1200℃,  
1300℃), Cu-Ni-V (900℃, 1000℃, 1100℃), Cu-Ni-W (1100℃, 1200℃), and 
Cu-Ni-Nb (1000 ℃ , 1100 ℃ , 1200 ℃ ) ternary systems were experimentally 
determined by equilibrated alloys and diffusion couples. The experimental results first 
found that the fcc-type miscibility gap (MG) at high temperatures exist in the 
above-mentioned 4 ternary systems. Based on the experimental data determined in 
this work, the above-mentioned 4 ternary systems were thermodynamically assessed 
using the CALPHAD method, and a good agreement between the calculated and 
experimental results was obtained. In addition, formation reason of the fcc-type MG 
at high temperatures in the Cu-Ni-X (X: Mo, V, W, Nb, Cr, Fe, Co) systems was 
thermodynamically analyzed, and was found to be co-related to the effects of fcc-type 
MG in the Cu-X binary system,  Ni additions on the critical temperature of stable 
fcc-type MG in the Cu-Ni-X system, and X addition on the critical temperature of 
stable fcc-type MG in the Cu-Ni-X system. 
(3) Based on the developed thermodynamic database of phase diagrams of 
phase-separated Cu base alloys, the compositions of Cu-Co-Fe-Si-Zr-B alloys 
exhibiting the liquid MG were designed, and the produced gas-atomized powders 
show crystalline/amorphous composite microstructure, where the crystalline and 
amorphous phases are fcc Cu-rich and Co-rich (or Fe-rich, (Co, Fe)-rich) phases, 
respectively. Their saturation magnetization decreases with increasing Cu 














process, the liquid phase separation occurs first, resulting in the formation of 
composite microstructure, then the separated liquid phases change to the crystalline 
and amorphous phases respectively. 
(4) Based on the developed thermodynamic database of phase diagrams of 
phase-separated Cu base alloys, the compositions of Cu25Co50Ni10B15 (at.%),  
Cu60Co15Ni10B15 (at.%),  Cu5Ag20Co50Ni10B15 (at.%), and Cu5Ag20Co50Fe10B15 (at.%) 
alloys exhibiting the liquid MG were designed, and the produced gas-atomized 
powders show metal/ceramic composite microstructure. In the Cu25Co50Ni10B15 (at.%), 
Cu5Ag20Co50Ni10B15 (at.%), and Cu5Ag20Co50Fe10B15 (at.%) powders, only core-shell 
composite microstructure was observed, where the core part is the phase with larger 
volume fraction , while the shell part is the phase with smaller volume fraction and 
surface energy. The formation of such core-shell microstructure is mainly affected by 
the interfacial energy of separated liquid phases. 
(5) Based on the developed thermodynamic database of phase diagrams of 
phase-separated Cu base alloys, spinodal-hardened (Cu0.54Ni0.46)95Cr5 (at.%) and  
(Cu0.54Ni0.46)95V5 (at.%) electrical resistance alloys were designed and first fabricated. 
Their temperature coefficients of resistance are almost same with that of traditional 
working-hardening Cu-Ni base electrical resistance alloys. 
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